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Ultrafast nonlinear photonics enables a host of applications in advanced on-chip spectroscopy
and information processing. These rely on a strong intensity dependent (nonlinear) refractive index
capable of modulating optical pulses on sub-picosecond timescales and on length scales suitable for
integrated photonics. Currently there is no platform that can provide this for the UV spectral range
where broadband spectra generated by nonlinear modulation can pave the way to new on-chip ultra-
fast (bio-) chemical spectroscopy devices. We introduce an AlInGaN waveguide supporting highly
nonlinear UV hybrid light-matter states (exciton-polaritons) up to room temperature. We exper-
imentally demonstrate ultrafast nonlinear spectral broadening of UV pulses in a compact 100µm
long device and measure a nonlinearity 1000 times that in common UV nonlinear materials and
comparable to non-UV polariton devices. Our demonstration, utilising the mature AlInGaN plat-
form, promises to underpin a new generation of integrated UV nonlinear light sources for advanced
spectroscopy and measurement.
Introduction
Devices with strong optical nonlinearity have opened
up new methods to generate and manipulate coherent
light states leading to a host of applications in signal
processing1 and advanced light sources2 for spectroscopy,
timing and ranging, and imaging3. These are under-
pinned by a cubic nonlinearity (nonlinear refractive in-
dex) which modulates the temporal shape of optical
pulses on sub-picosecond timescales. For long-term appli-
cations it is important that the nonlinearity is effective
without cryogenic cooling and has large magnitude so
that it can be exploited with low power pulses on length
scales suitable for eventual on-chip integration with other
optical components. Achieving this for the UV spectral
range4–6 can open the door to a new class of on-chip ultra-
fast chemical and bio-chemical spectroscopy and sensing
devices7,8 as well as quantum devices using atoms with
UV optical transitions9–11.
The strong nonlinearity needed for on-chip pulse mod-
ulation can be achieved using optical fluids of hybrid
light-matter particles called exciton-polaritons. These
are the quasi-particles formed when photons couple
strongly to excitons in semiconductor materials12–15.
They can exist in bulk semiconductor materials but are
more usually investigated in the context of cavity or
waveguide photon modes16,17 coupled to quantum well
(QW) excitons18. Polaritons inherit some properites of
each of their constituents, propagating like photons but
inheriting giant optical nonlinearity from the interac-
tions of their excitonic constituent16,19. This has al-
lowed observation of nonlinear phenomena such as para-
metric scattering20, superfluidity21, solitons22 and op-
tical continuum generation23 as well as quantum light
sources24,25.
In this paper we demonstrate for the first time the
modulation of UV optical pulses using polariton nonlin-
earity. Our AlInGaN QW polariton waveguide structure
allows us to observe strong light-matter coupling and
nonlinearity up to room temperature. Strong nonlinear
modulation of picosecond optical pulses is achieved over
a short 100µm distance leading to spectral broadening
up to 80 meV width. This spectral broadening, which
cannot occur in the linear regime, is the essential signa-
ture of pulse temporal envelope modulation23. Picosec-
ond nonlinear dynamics are evidenced by the complex
broadband spatio-temporal envelopes of the generated
light, which are consistent with numerical modelling of
the coupled photon-exciton field equations. We find that
the spectral broadening depends strongly on the detun-
ing of the pulses from the temperature dependent exciton
frequency, as expected for an interaction based on strong
photon-exciton coupling, and deduce an effective nonlin-
ear refractive index > 10−13 cm2 W−1, three orders of
magnitude larger than those measured in other materi-
als commonly used for ultrafast nonlinear optics in the
UV26. This can enable nonlinear effects with three or-
ders of magnitude lower power pulses. Our nonlinearity
arises from excitonic interactions with strength compa-
rable to those in polariton devices in other material sys-
tems, such as GaAs and Perovskites15, which, however,
do not operate in the UV up to room temperature. The
AlInGaN material system we use is highly robust and a
mature and leading semiconductor technology for opto-
electronics, with epitaxially grown wafers available com-
mercially and strong excitonic optical transitions up to
room temperature in the UV spectral range27,28. Our
combination of high nonlinearity and room temperature
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Figure 1. Sample properties. (a) Schematic of a GaN po-
lariton waveguide. (b,c) Angle-resolved luminescence spectra
at T = 4 K (b) and T = 300 K (c). Solid white curves de-
note the best fit lower polariton branch, dashed curves give
the uncoupled photon (Γ) and exciton (X). The exciton emis-
sion has been subtracted to highlight the polariton modes (see
Methods).
operation in an on-chip device in a mature material sys-
tem shows the great potential of AlInGaN-based polari-
tons for ultrafast nonlinear optics in the technologically
important UV spectral range.
Results and Discussion
Device characterisation
A schematic of our structure is shown in Fig. 1a
(see Methods and Supplementary Discussion 1 for more
details). We first confirm the presence of the strong
light-matter coupling regime by studying the waveg-
uide dispersion relation using non-resonant excitation be-
tween two gratings and measuring angle-resolved photo-
luminescence (see Supplementary Discussion 2 for more
details). The luminescence spectra are shown for tem-
peratures T = 4 K and 300 K in Fig. 1b,c. The lower
polariton branch modes (LPB1 and LPB2, propagating in
the forward and backward directions respectively) show
a clear anti-crossing between the exciton (X) and photon
(Γ) and are well fit by a coupled oscillator model (solid
white lines) accounting for the photonic mode dispersion
and with Rabi splitting 91 ± 4 and 70 ± 20 meV at 4 K
and 300 K respectively, demonstrating that the system
is strongly coupled up to room temperature.
Pulse nonlinear self-modulation
In order to study the nonlinear pulse propagation
through the waveguide, we resonantly injected laser
pulses directly into the guided mode through a grating
coupler and detected them after 100µm propagation (see
Fig. 1, methods, and Supplementary Discussion 3). The
color maps in Fig. 2a,b show the spectrum of the pulses
at the output for T = 10 K and 200 K, respectively,
for increasing pulse energy coupled into the waveguide.
The intensity is plotted vs. wavelength λ and the spa-
tial position y transverse to the propagation direction.
At the lowest pulse energy the unmodulated transmit-
ted spectrum can be seen as a red peak in the region
|y| < 3µm, surrounded by a green background corre-
sponding to a few percent of the peak and extending
out to large y. This background comes from scatter of
the incoming UV laser beam from the optics and is not
related to the light transmitted through the waveguide.
As the energy of the injected laser pulses increases, the
spectra broaden both in wavelength λ and along y, re-
sulting in spectra with a complex inter-dependence of y
vs. λ at the highest powers. We note that the spec-
tral shape of the background scatter remains constant.
As we will later confirm by comparison with simulations,
the broadening of the waveguided light arises due to si-
multaneous nonlinear modulation of the pulse temporal
and spatial (y) envelope23. The large spectral width and
non-trivial y(λ) dependence imply an optical field with
features that vary rapidly, on a timescale equal to the in-
verse of the spectral width, which can only be produced
by sub-picosecond nonlinear dynamics.
In Figs. 2c-h we explore the overall broadening in λ for
a range of parameters. Figs. 2c-e show the y-integrated
spectra for a wide range of temperatures T = 8-300 K and
for a constant detuning ∆ ∼ -90 meV of the laser pulses
from exciton frequency. With increasing pulse energy we
observe spectral broadening over the whole temperature
range with spectral widths at the highest measured pow-
ers of 58 meV for T = 8 K, 45 meV for 250 K, and 29
meV for 300 K (Fig. 2c-e), all measured at -20 dB from
the peak. These compare to initial pulse widths of less
than 16 meV. At other detunings we also achieved spec-
tral broadening up to 80 meV at T = 8 K and 66 meV
at T = 100 K (see Supplementary Figure 1).
In Figs. 2f-h we show the integrated spectra at T =
200 K for three different detunings ∆. For the smallest
detuning of -60 meV (Fig. 2f), the spectra are broadened
asymmetrically with stronger broadening on the long λ
side of the pulse peak. We attribute this asymmetry to
the strong absorption of wavelengths on the short λ side
which are very close to the exciton. When the detun-
ing is increased to ∆ ∼ -80 meV (Fig. 2g) the spectra
broaden on both sides of the peak with a slight asym-
metry between the short and long wavelength sidebands.
Finally, at ∆ ∼ -100 meV (Fig. 2h), the broadening is
strong on the short wavelength side but weak for the
long wavelengths which are further from the exciton res-
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Figure 2. Spectra after nonlinear pulse propagation. (a-b) Colour maps of the output intensity vs. wavelength, λ, and
position y transverse to the propagation direction for increasing pulse energy coupled into the waveguide and at temperatures
T = 10 K (a) and at T = 200 K (b). The injected pulses had central wavelength λ = 355 nm and propagation distance L = 100
µm. (c-e) Spectra integrated along y for a range of temperatures, T = 8 K (c), 250 K (d), and 300 K (e) all at pulse-exciton
detuning ∆ ∼ -90 meV. (f-h) Spectra integrated along the y-direction for a range of detunings ∆ ∼ -60 meV (f), -80 meV (g),
and -100 meV (h) all at T = 200 K.
onance. This kind of asymmetric broadening is known to
arise from a frequency dependent nonlinearity29. Our ob-
servations show that the nonlinearity decreases strongly
as the frequency becomes further detuned from the exci-
ton resonance at longer wavelengths. This occurs on the
scale of a few tens of meV, comparable to the Rabi split-
ting, which is expected for a nonlinearity arising from the
strong photon-exciton coupling.23.
Comparison with numerical simulations
The experimental spectra are in agreement with nu-
merical simulations of propagating polaritons, shown in
Fig. 3a for parameters corresponding to T = 100 K,
∆ = −92 meV and incident pulse energies 200 pJ (black
lines) and 750 pJ (blue lines). We found good agreement
between the widths of the numerical and experimental
spectra for pulse energies up to 225 pJ (see Supplemen-
tary Discussion 4 and Supplementary Figures 2, 3 and 4
for further details). The spatio-temporal distributions of
the field intensity corresponding to the spectra in Fig. 3a
are shown in Figs. 3b,c. As the pulse energy is increased
from Fig. 3b to Fig. 3c we observe an increasing mod-
ulation of the field intensity coinciding with increasing
spectral broadening, confirming that the spectral broad-
ening arises from the sub-picosecond nonlinear modula-
tion. At pulse energies higher than 225 pJ the simula-
tions continue to show this qualitative trend although the
spectral broadening no longer agrees quantitatively with
the experiment. This may be due to failure of the slowly
varying amplitude approximation for large broadening.
Strength of nonlinearity
We deduce the strength of the nonlinearity by compar-
ing the lowest pulse energy experimental spectra to a self-
phase-modulation (SPM) model30. A light pulse travel-
ling through a nonlinear medium accumulates a nonlin-
ear phase which leads to a characteristically broadened
spectrum (see Supplementary Discussion 5). To extract
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Figure 3. Simulated nonlinear pulse propagation. (a)
Numerically calculated normalized spectra of the output field
corresponding to T = 100 K, ∆ = −92 meV and pulse energies
of 200 pJ (black lines) and 750 pJ (blue). (b,c) The numeri-
cally calculated spatio-temporal distributions of the intensity
of the field after 100µm propagation in the planar waveguide
for incident pulse energies 200 pJ (b) and 750 pJ (c).
the nonlinear phase δφ at the peak of the pulse as a
function of pulse energy we performed a best fit of mod-
elled SPM-broadened spectra to the measured spectra,
shown in Fig. 4a,b as dotted lines and points respec-
tively for two temperatures. Good agreement is achieved
over a range of pulse energies. We plot the obtained
δφ vs. pulse energy in Figs. 4c,d. The points lie on a
straight line within the uncertainty, as expected for an
SPM mechanism, which confirms the validity of our ap-
proach. From the slope we deduce an effective nonlinear
refractive index n2 = 1.9±0.3×10−13 cm2 W−1 for 100 K
and n2 = 3.7± 1.0×10−13 cm2 W−1 for 200 K (see meth-
ods). The pulse energies inside the waveguide were care-
fully calibrated using a combination of measured output
vs. incident power and FDTD simulation of grating cou-
pler efficiency. See Methods and Supplementary Discus-
sion 6 for more details. Our quoted uncertainty accounts
for the random errors in the fitting, coupling efficiency,
waveguide losses and all other parameters entering into
the model. Our measured values are three orders of mag-
nitude larger than those in other materials commonly
used for UV nonlinear optics26. Comparison with AlIn-
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Figure 4. Spectral broadening in the low power limit.
(a,b) Comparison of experimental spectra (points) and best
fit of SPM model spectra (dotted lines) for two temperatures
and several pulse energies. (c,d) Peak phase from the SPM
fits in (b) and (a). Error bars give the uncertainty in peak
phase obtained from the least-squares fitting procedure. Solid
lines show the linear best fit.
GaN materials is complicated because their cubic non-
linear properties have been little studied, especially in
the UV, and existing results31–34 mostly concern spatial,
rather than temporal, nonlinear modulation. However,
our nonlinear refractive index is approximately an or-
der magnitude larger than those typically measured in
bulk GaN, excluding slow free-carrier related nonlinear-
ity. Further discussion is given in Supplementary Discus-
sion 7. Our modulation of the picosecond temporal enve-
lope of pulses resulting in spectral broadening is what is
required for nonlinear light sources and information pro-
cessing devices. To our knowledge this is the first time
the UV nonlinear refractive index in a AlInGaN-based
device has been measured using a propagating pulse mod-
ulation which directly evidences its ultrafast timescale.
We finally note that it is also possible to estimate n2
in our polariton waveguide from first principles calcu-
lations. The nonlinearity is due to the combined exci-
ton blueshift, gXX, and reduction in Rabi splitting, βX,
both per unit exciton density per QW, the latter arising
from saturation of exciton oscillator strength35. Using
the GaN QW exciton Bohr radius36 these may be calcu-
lated35 as gXX ∼ 0.85µeVµm2 and βX ∼ −1.3µeVµm2
(See Supplementary Discussion 8). Considering the LPB
frequency blueshift due to gXX and βX and accounting
for the 22 QWs in our system we obtain an effective
nonlinear refractive index n2 = (3.3± 0.9)×10−13 and
5(6.5± 1.5)×10−13 cm2 W−1 at T = 100 K and 200 K
respectively (Supplementary Discussion 8). These are
within a factor of 1.8 of the values deduced from the
experimental SPM spectral broadening. Thus the exper-
iment and the first-principles interaction constants gXX
and βX are in good agreement.
The interaction constants are comparable with those
predicted and measured in GaAs (gXX ∼ βX ∼
2.5µeVµm2 for linear polarisation)35, when one accounts
for the much smaller exciton Bohr radius of GaN37. They
are also similar to interaction constants measured for
trions or polarons in transition metal dichalcogenides
(TMDs)38,39. The total nonlinearity (gXX and βX) for
a single QW is comparable with that observed per in-
organic layer in hybrid inorganic-organic perovskites at
around 516nm15. In our AlInGaN device we access the
UV spectral range and the nonlinearity is not restricted
to cryogenic temperatures, as in the GaAs and TMD de-
vices measured so far, and does not suffer from photo-
bleaching as in many organic systems.
Conclusions
In summary, we have reported on experimental obser-
vation of nonlinear self-modulation of UV pulses in an
AlInGaN-based waveguide, in a polaritonic system, and
in a sub-millimeter on-chip device. We take polariton
nonlinearities into the UV in a robust, well developed
material system which operates up to room temperature
and does not suffer from photo-bleaching. The nonlinear-
ities are three orders of magnitude larger than in com-
monly used UV nonlinear materials. Our results there-
fore have potential to establish GaN polariton waveguides
as a technological platform for ultrafast nonlinear optics
without cryogenics in the technologically important UV
spectral range.
Methods
Sample details and optics
Our sample is a planar waveguide with a core con-
taining 22 GaN/Al0.1Ga0.9N QWs grown on a lattice
matched AlInN cladding layer on a low dislocation den-
sity (∼ 106 cm−2) freestanding GaN substrate17. Nickel
grating couplers were fabricated directly on top of the
core and the whole structure was then capped with a sil-
icon dioxide cladding (see Supplementary Discussion 1).
Light was injected and collected through a single micro-
scope objective by using a beamsplitter cube. Collected
light was sent to an imaging spectrometer using confocal
relay lenses allowing us to measure wavelength vs. either
y or angle. The spectrometer resolution depended on
the width of its input slit. For the SPM measurements
(Fig. 4) the slit was set to 50µm width and the resolu-
tion was 1.7 meV, well below the initial pulse spectral
FWHM of 4.2 meV.
Dispersion measurements
For the measurements of dispersion curves the sample
was excited well above the band gap using a HeCd laser
at 325nm and all polariton states were populated by hot
carrier relaxation. Polaritons then propagate to the grat-
ings and we measure λ vs. angle along the propagation
direction (see Supplementary Discussion 2). For these
measurements the spectrometer resolution was 6.7 meV
owing to the 200µm entrance slit size used to collect
enough light from the sample. To make the polariton
modes more visible the exciton luminescence has been
subtracted using spectra recorded in a polarisation trans-
verse to the polaritons. The LPB emission angle vs. λ
was fit using a coupled oscillator model. The uncou-
pled photon dispersion was calculated from a transfer
matrix model. The fitting parameters were the exciton
frequency, the Rabi splitting, and a rigid frequency off-
set of the calculated photon dispersion which accounts
for possible variations between nominal and actual layer
thickness and refractive indexes. Including all three was
essential to obtain a good quality fit (see Supplementary
Discussion 2).
Pulse propagation and modulation measurements
For the pulse propagation experiments the resonantly
injected laser pulses were generated using a frequency-
quadrupled optical parametric amplifier pumped by a
100-fs Ti:Sapphire amplifer with 1 kHz repetition rate.
They were then spectrally filtered using a diffractive
pulse shaper to match the bandwidth of the grating cou-
plers (see Supplementary Discussion 3). Pulse energy was
adjusted using neutral density filters. After propagation
the light was scattered out by a grating coupler and we
measured λ vs. y. Maximum input coupling was achieved
by adjusting the excitation beam polarisation and posi-
tion and wavenumber in the x, y plane (see Fig. 1) to
maximise the power at the output coupler.
Deduction of nonlinear refractive index
We deduce the nonlinear refractive index in the follow-
ing way. The effective nonlinear refractive index is given
by30,
n2 =
∂φ
∂Epulse
T0
λ0
2pi
Aeff
Lloss [1− exp (−L/Lloss)] (1)
where ∂φ/∂Epulse is the rate of change of nonlinear phase
with pulse energy obtained from the SPM fitting, T0 is
the pulse temporal width, λ0 is the vacuum wavelength
at the pulse center, Aeff = 1µm is the waveguide effective
6nonlinear cross-sectional area using the standard formula
from Ref. 30, Leff = Lloss [1− exp (−L/Lloss)] is the ef-
fective length over which the nonlinearity acts accounting
for losses30, L is the device length and Lloss is the charac-
teristic decay length due to absorptive losses. The pulse
width T0 < 430 ± 40 fs (independent of temperature)
was obtained from the measured spectrum at low power
under the assumption that the pulses are unchirped and
Gaussian. The values of ∂φ/∂Epulse were obtained by
fitting the experimental spectra with theoretical spectra
of SPM-broadened Gaussian pulses30 as described in the
text. Further details are given in Supplementary Discus-
sion 5.
Deduction of n2 requires accurate deduction of the
pulse energy Epulse inside the waveguide, which is pro-
portional to the measured incident pulse energy and the
coupling efficiency of the input grating coupler. We
calculated the coupling efficiency using FDTD simula-
tions (Lumerical 3D FDTD solver) and obtained between
5± 1% and 4.2± 0.9 % depending on temperature. The
uncertainties come from variations in material parame-
ters obtained from different sources in the literature. We
minimised the uncertainty in our values of n2 by com-
plementing the FDTD calculations with direct measure-
ments of the output power from the waveguide vs. inci-
dent power, which fixes a relationship between coupling
efficiency and losses. This strongly constrains the prod-
uct of Epulse and Lloss [1− exp (−L/Lloss)] appearing in
Eqn. (1), and so reduces the dependence on n2 on the
coupling efficiency. We note that we rigorously prop-
agated statistical uncertainties in all model parameters
to the final quoted values of n2. Further detail is given
in Supplementary Discussions 5 and 6. As well as the
statistical uncertainty, disorder in the fabricated grating
couplers could lead to lower coupling efficiency than that
obtained via FDTD, while our assumption of unchirped
Gaussian pulses is equivalent to assuming the minimum
possible T0 for our measured spectrum. Thus there may
be a small systematic underestimation in our values of
n2. We finally note that throughout the paper we quote
the coupled pulse energy which is the product of the mea-
sured incident pulse energy and the coupling efficiency.
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